The amygdala is known to play an important role in conscious and unconscious processing of emotional and highly arousing stimuli. Neuroanatomical evidence suggests that the amygdala participates in the control of autonomic responses, such as skin conductance responses (SCRs), elicited by emotionally salient stimuli, but little is known regarding its functional role in such control.
Introduction
Emotional stimuli are often characterized in terms of an underlying two-dimensional space of valence and arousal that is reflected in different physiological indices (Lang et al., 1993; Lang, 1995) . Skin conductance responses (SCRs) are a measure of autonomic arousal and often used to index emotional processing (Lang et al., 1993; Bauer, 1998) .
Evidence for the role of the amygdala in the expression of SCRs comes from both functional imaging studies (Furmark et al., 1997; Critchley et al., 2000 Critchley et al., , 2002 and lesion studies showing that it is essential for the acquisition of conditioned SCRs but not for declarative knowledge about the contingencies between the conditioned and unconditioned stimulus (Damasio, 1994; Bechara et al., 1995) .
Functional imaging (Irwin et al., 1996; Morris et al., 1996) and lesion studies (Adolphs et al., 1994 Calder et al., 1996; Broks et al., 1998) suggest the amygdala is a key player in the processing of emotional stimuli, especially fear, but perhaps also other arousing emotions (Hamann et al., 2002) . Studies investigating the role of the amygdala in valence and arousal (Adolphs et al., 1999; Taylor et al., 2000) report a disproportionate engagement of this structure in processing highly arousing aversive stimuli of biological relevance.
Hemispheric lateralization of emotional processing has focused on the valence dimension. Although Davidson and Irwin (1999) proposed a lateralization of positive emotions to the left and negative emotions to right prefrontal cortex, Borod (1993) reviewed studies that found right hemisphere dominance for emotional processing regardless of valence. However, both these frameworks are targeted at the cortical level only. Amygdala activation to emotional stimuli has been observed either bilaterally (Hariri et al., 2000; Liberzon et al., 2000; Taylor et al., 2000) or in the left (Morris et al., 1996; Lane et al., 1997 Lane et al., , 1999 Blair et al., 1999; Dubois et al., 1999) , whereas lesion studies instead implicate the right (Anderson et al., 2000; Adolphs et al., 2001) , leaving this issue unresolved.
Several imaging studies have demonstrated amygdala involvement in unconscious emotional processing (Morris et al., 1998; Whalen et al., 1998; Rauch et al., 2000) using subliminal stimulus presentations, which are particularly useful in detecting amyg-dala involvement without further cortical engagement. These studies generally reported bilateral amygdala activation, although Morris et al. (1998) found a lateralization of amygdala activation depending on conscious or unconscious processing. Recently, Kubota et al. (2000) assessed SCRs to emotional pictures in unilateral temporal lobectomy patients and found reduced responses to negative pictures when presented to the lesioned hemisphere.
In the current study, we wanted to assess the effect of unilateral and bilateral amygdala damage on conscious and unconscious processing of visual emotional stimuli and to relate SCRs to overt rating performance. Specifically, we hypothesized that bilateral amygdala damage would produce the strongest deficit in the physiological responses (Bechara et al., 1995) and that right amygdala damage would result in more severe impairments than left amygdala damage (Adolphs et al., 2001; Anderson et al., 2000) . Furthermore, we expected to find a dissociation between overt rating performance (a measure of conscious emotional processing) and physiological responses (a measure of unconscious processing): patients with amygdala damage should be more impaired in their autonomic responses but less in their cognitive ratings, as would be consistent with the role of amygdala in somatic response rather than cold cognition (Damasio, 1994) . We tested these hypotheses with a design including the following factors: side of amygdala lesion (left, right, bilateral) , arousal of the emotional stimulus (ranging from low to high), side of presentation of the emotional stimulus (left or right visual field), and mode of processing (subliminal or supraliminal presentation).
Materials and Methods

Subjects
We tested 12 subjects with left temporal damage (LTD), 8 with right temporal damage (RTD), and 3 with bilateral temporal damage (BTD). All patients had damage to the amygdala and were drawn from the patient registry of the Division of Cognitive Neuroscience and Behavioral Neurology (University of Iowa College of Medicine, Iowa City, IA). Causes for bilateral damage were Urbach-Wiethe disease resulting in selective calcifications of both amygdalae (one patient) and herpes simplex encephalitis resulting in complete, but nonselective, amygdala destruction (two patients). None of the patients with bilateral amygdala damage had any seizures or were taking antiepileptic medication.
All patients with unilateral damage underwent a partial resection of their anterior temporal lobe (including amygdala) because of intractable epilepsy. We used only patients in whom there was clear clinical evidence that: (1) seizures were localized to the anteromesial temporal lobe, as revealed through epilepsy monitoring and that was subsequently resected; (2) in all cases, there was a dramatic improvement on resection [class I and II according to the Engel classification (Engel et al., 1993) ]; and (3) subjects were taking, at most, low doses of antiepileptic medication (seven LTD patients and five RTD patients). Statistical tests comparing those who were taking low doses of medication versus those who were medication free showed no differences between these two groups. In no case was there any indication of extratemporal involvement, an assessment that was based on neuropsychological testing, clinical EEG monitoring, and magnetic resonance (MR) imaging data in all of the subjects. Additionally, several subjects had clinical functional imaging performed that verified that regions of abnormal blood flow were confined to the medial temporal lobe subsequently resected. Tables 1 and 2 list the demographic and neuropsychological profile of each of the three patient groups.
To quantify the volumetric extent of amygdala damage in subjects with unilateral amygdala damage, we traced the amygdala on presurgical MR scans of the subjects' brains and compared the reconstructed volume of the amygdala on the presurgical scans to those derived from the corresponding regions on the postsurgical scan. After alignment of brain volumes, the boundaries of the amygdala and hippocampus were ascertained from the atlas of Duvernoy (1991) . Guide traces were drawn initially in the sagittal view to identify the alveus of the hippocampus, which serves as the posterior border of the amygdala. The amygdala boundaries were then defined anteriorly using the white matter of the parahippocampal gyrus as the anterior, lateral, and inferior borders. Posteriorly, the amygdala was bounded by the temporal horn of the lateral ventricle, the basal ganglia provided the superior border, the uncus the medial border, the white matter of the temporal lobe the lateral border, and the alveus of the hippocampus the posterior border. Detailed postsurgery volumes of the amygdala, the hippocampus, and the total brain volume are shown in Table 3 for patients with unilateral temporal lobectomy. Figure 1 depicts the overlap of temporal lesions in the patient groups.
In addition, we tested 38 neurologically and psychiatrically normal controls (NCs) of similar age, who were recruited through local hospital advertisement. These subjects were paid for their participation in the experiment. All subjects gave informed written consent as approved by the local Institutional Review Board.
Stimuli
All stimuli were drawn from the International Affective Picture Series (IAPS), a well-normed emotional picture set that has been used extensively in emotion research, including studies of physiological reactions to the pictures and normative ratings for valence and arousal (Lang et al., 1988) . Lang et al. (1993) reported previously that skin conductance responses correlated significantly with arousal ratings for these stimuli in normal subjects.
We selected the stimuli to cover the full range of the arousal and valence dimension (Fig. 2, left) . To sample for a variety of different emotional content, we included pictures of babies, sweet food items, neutral social scenes, mutilation, threatening animals, household objects, and sad scenes. Lang et al. (1993) described a U-shaped relationship between valence and arousal ratings, indicating that pictures of extreme valence also scored high on arousal whereas neutral picture obtain only low arousal ratings. However, we also selected pictures that do not fit this relationship (e.g., babies/animal: positive valence, medium arousal) to fully cover both dimensions. This selection procedure allowed for an analysis of the independent contributions of valence and of arousal.
We also measured the luminance of the stimuli and equated the different emotion categories with regard to their mean luminance. Statistical analyses revealed that stimulus luminance had no effect on the results.
We preselected 64 stimuli, presented them to five normal subjects in a pilot experiment, and selected 24 stimuli for the final set based on the reliability of their autonomic responses to these stimuli. For the subliminal presentation, we used a backward masking procedure (see below) and selected a neutral landscape picture as the mask.
Experimental procedure
The entire experiment consisted of six parts in the following fixed order: two subliminal presentation blocks, a surprise recognition task, two su- praliminal presentation blocks, and a final (supraliminal and free viewing) rating task. All 24 stimuli were presented once in a fully randomized order during each presentation block, half of them to each visual field with a lateralized presentation. In the second block of each processing mode (subliminal, supraliminal), the stimuli were presented into the other visual field, respectively. Thus, we obtained data from each stimulus presented to each visual field under both subliminal and supraliminal processing. The lateralized presentation was achieved by instructing subjects to fixate on a centrally located fixation cross on the screen; the stimuli were then presented in the perifoveal area left or right of the fixation cross (1.9°o ff foveal vision). Fixation was validated with two separate measures: subjectively, through verbal reports after each trial, and objectively, through a lateral electrooculogram (EOG) that controlled for left and right eye movements.
Subjects were also informed about the backward masking procedure before the experiment. Target recognition during the subliminal presentation was checked with two independent measures: subjective reports after each trial and a surprise forced-choice recognition task applied immediately after the second subliminal presentation block. Based on their verbal reports, we excluded all trials from the analyses in which subjects correctly recognized the target in the subliminal presentation. Merikle et al. (2001) argued that subjective measures are more appropriate in establishing stimulus awareness, because objective measures (such as a forced-choice recognition task) are only valid if subjects fail to perform above chance level on the task; correct performance could be based on fleeting stimulus features without conscious perception of the entire stimulus.
The following descriptions provide the details regarding each part of the experiment.
Subliminal presentation. Stimuli were presented from a Macintosh computer (version 8.6) on a calibrated Mitsubishi Diamond Pro monitor operating at a 100 Hz refresh rate, using Psyscope 1.1 presentation software (http://psyscope.psy.cmu.edu). During the subliminal presentation, subjects were cued with a 1000 Hz tone for 500 msec to indicate the beginning of a trial. After a preparation pause of 1000 msec, targets were shown for 30 msec, immediately followed by the masking stimulus for 2000 msec. After an additional data collection period of 6000 msec after the offset of the masking stimulus, two questions were shown on the screen for 2000 msec, each with a gap of 1000 msec between them. The two questions asked subjects to indicate verbally whether they broke fixation and whether they recognized the target stimulus. A final intertrial interval (ITI) of 3000 msec concluded each trial. Thus, each subliminal presentation block lasted for ϳ7.5 min, and SCR data were collected during the entire block.
Recognition task. After the two subliminal presentations, subjects were confronted with an unannounced forced-choice recognition task. Each target was presented side by side with a distractor stimulus. We chose distractors from the same emotional categories as the targets, but a target was never paired with a distractor of the same category. Subjects simply had to indicate which of the two pictures they thought they had seen in the subliminal presentation. There was no time limit. We calculated probabilities for hits and misses from the recognition task to judge the overall recognition performance.
Supraliminal presentation. The supraliminal presentation was very similar to the subliminal presentation, the main difference being that the target was presented for 2000 msec with no masking stimulus afterward (all other presentation timings remained the same). After each target, subjects only had to answer a single question: whether they had broken fixation (2000 msec question, 1000 msec answer time, 3000 msec ITI). Each supraliminal block lasted for ϳ6.2 min.
Ratings task. Finally, the subjects had to rate each target on four different dimensions (arousal, valence, novelty, and visual complexity) using nine-point Likert scales. We chose the latter two dimensions to control for possibly confounding aspects of stimulus processing that would not be related to emotional processing. For this task, stimuli were shown again in free field, and there was no time limit.
Data acquisition
Physiological data (SCR and EOG) were acquired on a P122 Grass Instruments (Warwick, RI) polygraph with a microsiemens scaling interface (model SCA1A; Grass Instruments). The analog signal was digitized using the MP100WS digital converter (Biopac Systems, Goleta, CA) and was fed into AcqKnowledge 3.2.4 recording software (Biopac Systems) on a Macintosh G3 powerbook. We converted the time series from millivolts to microsiemens post hoc and extracted SCRs. Meditrace 530 Ag/ AgCl electrodes and Neuroline 71008-k electrodes were used to acquire the physiological signal at the thenar and hypothenar site for SCR on both hands and for the EOG at the lateral and medial rectus. Both SCR and EOG data were sampled at 100 Hz. Data were transformed and analyzed using Excel 97 (Microsoft, Seattle, WA), SPSS version 10.0.5 (SPSS Inc., Chicago, IL), and Matlab 5.3 (Mathworks, Sherborn, MS).
Skin conductance data transformation
Before extraction of data for skin conductance responses, we smoothed and detrended the original time series to remove high-frequency noise and drift. For smoothing, we averaged data points using a moving window of 100 adjacent data points. For detrending, we applied a difference algorithm to the time series that removed the global baseline decay on the skin conductance signal. This algorithm calculated the differences between two selected data points and divided it by the number of intermittent data points. We then extracted the area under the curve in a 5 sec interval starting with the presentation of each target. These measures of the skin conductance responses and data transformations have been used in previous studies (Bechara et al., 1995) .
These derived data displayed typical and pronounced within-block habituation (Sokolov, 1963) , but with large interindividual differences in the habituation rate. To remove the effect of habituation, we fitted an exponential regression to the mean responses in each group ( y ϭ a ϫ e (Ϫb ϫ t) ϩ c, with t being the position of the stimulus within a block). This regression model conforms to the previously reported exponential decay of the skin conductance signal (Groves and Thompson, 1970) . We chose a three-parameter model to account for the initial value, the slope of the function, and an asymptote for differences in habituation between the groups. Figure 2 (right) shows our derived skin conductance response measure (area under the curve) fitted with the respective regression function for the normal controls.
In a second step, we calculated the individual stimulus responses as the residuals of the data with respect to the exponential regression model. Finally, we added the group constant c from the exponential regression to each individual residual to account for differences in the overall response habituation.
The obtained SCR residuals represent the individual deviations from the predicted response curve and carry the variance because of emotional processing of our experimental manipulations after the nuisance variance of within-block habituation has been partialed out. These residuals were subsequently used in all analyses we report here.
Statistical analyses
We recognize that our data were collected in continuous variables, which suggests the use of parametric statistics. In contrast, the small sample sizes of the patient groups and non-normal distribution of data indicate the use of nonparametric statistics. We, hence, chose a dual approach using both parametric and nonparametric statistics. We present linear regression results in the figures to preserve the continuity of the underlying variables. These parametric results are complemented and cross-validated by nonparametric rank-ordered statistics (Spearman's R) that we provide below.
Results
Manipulation check Eye movement
We chose the EOG criterion as the more objective and conservative measure of loss of fixation. Across all groups, subjects gave verbal subjective responses that were 95.3% accurate given the EOG data; in only 2.6% of the responses, subjects reported not having moved their eyes where the EOG shows that they did. These results confirm a high degree of accuracy of the verbal reports. Nevertheless, we excluded data points based on the EOG responses rather than on the verbal reports.
Target recognition
We assessed performance on the recognition task by calculating the mean frequencies of correct and false responses for each group. If these frequencies were at chance level (i.e., 12 correct and 12 false responses), subjects would be classified as not having recognized the target during the subliminal presentation. We could not calculate these indices for the subjects with bilateral amygdala damage because of the small sample size and missing data (one subject was severely amnesic). For the remaining groups, one-sample t tests revealed no significant departure from chance level (NC corr ϭ 12.68, NC false ϭ 11.32, t ϭ 1.41, p Ͼ 0.15; LTD corr ϭ 12.36, LTD false ϭ 11.64, t ϭ 0.59, p Ͼ 0.55; RTD corr ϭ 11.00, RTD false ϭ 13.00, t ϭ Ϫ1.43, p Ͼ 0.15).
Novelty and complexity
Subjects rated all stimuli with regard to their novelty and visual complexity to control for basic visuoperceptual differences between the stimuli. Subjects completed the novelty rating by referring to occurrences of the stimulus in their autobiographical past. These ratings are quite different than the arousal and valence ratings because the latter were made by referring to the current emotional state. Thus, both ratings are based on different time frames.
We found a significant positive correlation between novelty and arousal (r ϭ 0.469; p Ͻ 0.05) and a significant negative correlation between novelty and valence (r ϭ Ϫ0.734; p Ͻ .001). Correlations between visual complexity and arousal and valence did not reach statistical significance (arousal: r ϭ 0.160, p Ͼ 0.45; valence: r ϭ Ϫ0.207, p Ͼ 0.30).
Global SCRs to emotional pictures
We calculated the group mean SCR by averaging the residuals from the habituation regression. Data are shown in Figure 3 (left). Because of the heterogeneity of group variance, we refrained from performing omnibus tests for assessing group differences and used contrasts that compared each of the patient groups with the normal controls. These contrasts incorporated a correction for unequal variances between the groups (Welch test) No significant differences were found between the hemispheres. Right, Mean SCR response for all experimental groups in all recording blocks. This is a decomposition of the data in the left panel. Normal controls and unilateral temporal patients show a slight (nonsignificant) decrease in mean responsiveness in the course of the experiment. (Welch, 1938; Maxwell and Delaney, 2000) . We found significant differences between normal controls and patients with RTD (F (1,35.85) To check for differential responses caused by lateralized presentation of the stimuli, we broke down responses for each hemisphere to which the stimuli were presented (Fig. 3, middle) but found no significant differences in either group (all p Ͼ 0.30). This analysis, thus, confirms that the averaging procedure does not conceal differential responsiveness because of the side of stimulus presentation.
Subsequently, we were also interested in whether the overall responsiveness to emotional stimuli (after partialling the withinblock habituation) would still attenuate in the course of the experiment. Figure 3 (right) shows the data for each recording block. Normal controls and unilateral temporal patients showed a slight, but nonsignificant, decrease in response magnitude as they advanced from block 1 (subliminal 1) to block 4 (supraliminal 2). This was confirmed by two-factorial repeated measures multivariate ANOVA (MANOVA) on the factors block and group, which yielded a nonsignificant main effect for block (Wilk's ⌳ ϭ 0.959; F (3,56) ϭ 0.789; p Ͼ 0.50) and an equally nonsignificant block ϫ group interaction effect (Wilk's ⌳ ϭ 0.948; F (9,136.4) ϭ 0.338; p Ͼ 0.95).
Finally, we investigated whether impaired responsiveness might be correlated with the volumetric extent of amygdala damage. We calculated these indices only for subjects with unilateral amygdala damage. There were no significant correlations for subjects with either left or right amygdala damage (all p Ͼ 0.12). Similarly, we correlated SCRs with the time elapsed since surgery but found no significant association in either group (all p Ͼ 0.25).
Correlation of SCRs with normative ratings
In a second step, we were interested in the relationship between autonomic responses and normative ratings of arousal and valence reported by Lang et al. (1988) . By choosing the normative ratings as a uniform scale in the comparison, differences between groups can be assessed directly. We, therefore, submitted the SCR residuals to a group-wise linear regression and assessed whether the SCRs under the different experimental conditions (mode of processing, visual field) predicted the normative ratings of arousal and valence. Because of differences in group variances, we transformed the SCR residuals to Z values and used them in the analyses. The results are shown in Figures 4 and 5 .
Only normal controls under left hemispheric stimulation under both subliminal and supraliminal processing displayed a significant relationship between their SCR residuals and normative arousal ratings (subliminal: r ϭ 0.592, p Ͻ 0.01; supraliminal: r ϭ 0.486, p Ͻ 0.05). No such correlations were observed for the right hemisphere (subliminal: r ϭ 0.050, p Ͼ 0.80; supraliminal: r ϭ 0.109, p Ͼ 0.60). In none of the patient groups, the correlation between SCR residuals and normative arousal ratings rose to a significant level (all p Ͼ 0.15).
The correlations between SCR residuals and normative valence ratings were all nonsignificant (Fig. 5) , except for one significant negative relationship in patients with RTD when stimuli were shown subliminally to the left hemisphere (r ϭ Ϫ0.417; p Ͻ 0.05). We found no significant differences between recordings from both hands (F (1,57 ϭ 0.118; p Ͼ 0.70). Therefore, we report pooled results from both hands. The following two sections will look at these findings in more detail.
Arousal dimension
As reported above, normal controls showed significant relationships when stimuli were presented under both modes of processing (subliminal as well as supraliminal) to the left hemisphere (right visual field) but no such relationships when they were pre- sented to the right hemisphere (left visual field). In none of the patient groups were SCR residuals correlated significantly with normative arousal ratings. However, on closer inspection of the patient data under left hemispheric stimulation, in which normals displayed significant correlations, we found that residuals from subjects with right amygdala damage correlated better with normative arousal ratings than did residuals from subjects with left amygdala damage (subliminal, left hemisphere: LTD: r ϭ 0.069, p Ͼ 0.70; RTD: r ϭ 0.293, p Ͼ 0.15; supraliminal, left hemisphere: LTD: r ϭ Ϫ0.069, p Ͼ 0.70; RTD: r ϭ 0.186, p Ͼ 0.35). Of all subject groups, the one with bilateral amygdala damage always showed negative correlations between SCR residuals and normative arousal ratings in all stimulation conditions, yielding the poorest relationship with the normative ratings (all p Ͼ 0.09; the significance test for correlations is nondirectional, leading to trends of significance also for negative correlations).
Subsequently, we wanted to assess whether these nonparametric correlation coefficients differed significantly between the groups. This is done by applying a Fisher Z transformation to the correlation coefficients and calculating the differences between the groups. These difference scores can be then submitted to a Z test for significant departure from a normal distribution. The only significant differences occurred between normal controls and left temporal patients when stimuli were presented to the left hemisphere in the supraliminal presentation (Z NC,LTD ϭ 2.675; p Ͻ 0.01), whereas in the subliminal presentation this index only approached significance (Z NC,LTD ϭ 1.937; p Ͻ 0.06).
Comparisons between normal controls and right temporal patients under these conditions showed no significant difference between correlation coefficients (subliminal: Z NC,RTD ϭ 0.588, p Ͼ 0.25; supraliminal: Z NC,RTD ϭ 0.706, p Ͼ 0.20). This supports the observation that right temporal patients performed better than left temporal patients when stimuli were presented to the left hemisphere. However, the direct comparison between right and left temporal patients under left hemispheric processing did not reach a significant threshold (subliminal: Z RTD,LTD ϭ 0.485, p Ͼ 0.30; supraliminal: Z RTD,LTD ϭ 0.732, p Ͼ 0.20). Comparisons to bilateral temporal patients could not be applied because of the small sample size of that group.
In a final step, we asked whether the impairments found in the patient group related to the extent of amygdala damage; we omitted bilateral temporal patients from this analysis and used again nonparametric correlations to assess this relationship.
Although none of the correlation coefficients reached significance, we found a noticeable positive relationship between physiological arousal magnitude and postsurgery amygdala volume in left temporal patients in the supraliminal condition (R supra ϭ 0.527; p Ͼ 0.09); for the subliminal condition, we found an inverse relationship (R sub ϭ Ϫ0.245; p Ͼ 0.45). In right temporal patients, the relationships were less pronounced (R supra ϭ 0.0; p Ͼ 0.95; R sub ϭ 0.107; p Ͼ 0.80). Thus, only in the supraliminal condition was a decreasing physiological response related to smaller amygdala volume. Relating the physiological arousal to the hippocampus volume in the lesioned hemisphere, we found an inverse relationship in left temporal patients in the subliminal condition (R sub ϭ Ϫ0.409; p Ͼ 0.20) and a nonsignificant positive correlation in the supraliminal condition (R supra ϭ 0.209; p Ͼ 0.50). Right temporal patients showed a similar, but more pronounced, pattern (R sub ϭ Ϫ0.75; p Ͻ 0.06; R supra ϭ 0.25; p Ͼ 0.55). Correlation of physiological arousal of stimuli presented to the lesioned hemisphere, and total brain volume revealed nonsignificant negative relationships in patients with left temporal damage (R sub ϭ Ϫ0.200; p Ͼ 0.55; R supra ϭ Ϫ0.200; p Ͼ 0.55) and differential correlations in right temporal patients (R sub ϭ 0.750; p Ͻ 0.06; R supra ϭ Ϫ0.286; p Ͼ 0.50).
A separate analysis without the explicitly sexual stimuli confirmed that the effects of arousal were general and not attributable solely the sexual stimuli. This was true for all subject groups, even those in which unbalanced gender proportions might have been of concern (e.g., the RTD group).
Valence dimension
The results of the group-wise regression analyses of normative valence ratings and SCR residuals are shown in Figure 5 . Here, only one analysis yielded a significant relationship: subliminal SCR residuals after left hemispheric stimulation in right temporal patients displayed an inverse relationship with the normative valence ratings. All other analyses did not reach statistical significance. These findings on the two dimensions substantiate previous findings by Lang et al. (1993) , who claimed that SCR is an index of emotional arousal but not of valence.
Using the same Z test for testing differences between correlation coefficients as above, we found no significant differences between normal controls and left and right temporal patients. Comparisons with bilateral temporal patients could not be applied because of the small sample size of that group. Treating the arousal and valence dimension as binary by confining the statistical test to only the very high and very low arousal stimuli and the very positive and very negative valence stimuli confirmed the results shown here.
Analysis of ratings
We next analyzed the overt ratings from our subjects. Initially, we compared the mean group ratings of valence and arousal of all three patient groups to the mean ratings of the normal controls. These data are shown in Figure 6 . Using the same Welsh test for unequal group variances as in the SCR analysis, we found one significant difference between NC and LTD ratings of arousal (F (1,14.73 ϭ 6.13; p Ͻ 0.03).
In a second step, we related the group ratings to the normative ratings to see whether we could find impairments in their rating performance that might parallel the finding from the physiological responses. We chose a similar analysis strategy as for the skin conductance responses and regressed the normative ratings of valence and arousal onto the respective mean group ratings. Because of potential gender differences for some of the stimuli, we first analyzed the data separately for each gender but found no significant difference between males and females. Thus, we report collapsed group data here. Results of the group-wise linear regressions are shown in Figure 7 . We chose a display in Z scores because it aids the visual evaluation of the graphs by focusing merely on the slope of the regression lines and excluding the constant term.
Arousal ratings of normal controls showed the closest correspondence to the normative ratings (Fig. 7, left) . R coefficients for both unilateral patient groups were smaller than for normals but still significant (NC: r ϭ 0.939, p Ͻ 0.001; LTD: r ϭ 0.391, p Ͻ 0.05; RTD: r ϭ 0.673, p Ͻ 0.001); bilateral temporal patients did not show a significant relationship to the normative arousal ratings (r ϭ 0.252, p Ͼ 0.20).
We used the same Z test (after applying Fisher's Z transformation) as in the SCR analysis to test for significant differences between the groups in these nonparametric R coefficients. Only the contrasts between normal controls and left temporal patients yielded significant differences in the coefficients (Z NC,LTD ϭ 2.886; p Ͻ 0.01), and the difference between normal controls and right temporal patients approached significance (Z NC,RTD ϭ 1.624; p Ͻ 0.06). All other contrasts failed to reach significance, especially the interesting contrast between left and right temporal patients that by visual inspection indicates an advantage for the right temporal patients (r ϭ 0.673 vs r ϭ 0.391 for LTD; Z RTD,LTD ϭ 0.541; p Ͼ 0.25).
Relating the arousal ratings of unilateral patients to their postsurgery amygdala volume revealed a positive (but nonsignificant) correlation for left temporal patients (r ϭ 0.291; p Ͼ 0.35) and a negative correlation for right temporal patients that was approaching significance (r ϭ Ϫ0.750; p Ͻ 0.06). Similarly, correlations of arousal ratings with postsurgery hippocampus volume were positive but nonsignificant (all p Ͼ 0.15), whereas correlations with total brain volume were all negative but nonsignificant (all p Ͼ 0.07). Finally, correlations between ratings and time since neurosurgery revealed a positive trend for RTD (r ϭ 0.699; p Ͻ 0.06) and equally positive, but nonsignificant, results for LTD (r ϭ 0.174; p Ͼ 0.55).
In contrast, there were no impairments in the valence ratings (Fig. 7, right) in any of the patient groups compared with the normative ratings (all R Ͼ 0.85; all p Ͻ .001).
Taken together, the electrodermal activity and ratings analysis support the idea that skin conductance responses are a measure of stimulus arousal but not valence and that amygdala damage leads to dual impairments in autonomic and cognitive discrimination of stimulus arousal.
Discussion
Summary of findings
We investigated the effect of unilateral and bilateral amygdala damage on SCRs to emotionally arousing stimuli and the cognitive evaluation of stimulus arousal. First, we found a significant decrease in overall SCRs in RTD and BTD patients but normal responsiveness in LTD patients. This suggests an important role for the right amygdala for the production of a general arousal level and is corroborated by Davidson et al. (1992) , who found hypoarousability in RTD patients in an arousal/habituation study. However, our data also suggest that additional damage to the left amygdala (as in the BTD patients) exacerbates this impairment.
Second, SCRs in normal controls were significantly predictive of normative ratings of arousal when they were presented subliminally or supraliminally to the left hemisphere (right visual field) but not when presented to the right hemisphere. None of the patient groups showed such a correlation, but, interestingly, patients with an intact left amygdala (RTD patients), like normal controls, showed noticeably better autonomic discrimination of arousal than LTD patients when stimuli were presented to the left hemisphere.
For the valence dimension, we did not find any conclusive patterns in the physiological data, as would be expected given previous findings that SCRs are a measure of arousal, not of valence (Lang et al., 1993) . Lang et al. (1993) also reported gender differences in both ratings and physiological responses. We did not find any gender effects in our study, likely because of small sample sizes and unbalanced gender ratios. However, we verified that the effects we report were not driven by the stimulus class that would be expected to show the largest gender differences, sexually explicit pictures; the findings held even when this category of stimuli was removed from the analysis.
In a third analysis, we investigated cognitive ratings of arousal to the stimuli. We compared the mean arousal and valence ratings of our patients with those of the normal controls and found a significant reduction in arousal ratings in LTD patients. Comparing the group ratings with the normative ratings, we also found that arousal ratings of normal controls were highly correlated with normative ratings, whereas such a correlation was reduced but still significant in patients with unilateral amygdala damage and essentially absent in bilateral amygdala patients. Interestingly, ratings given by RTD patients correlated better than those given by left LTD patients. This matches the reduction in overall arousal ratings in this group compared with normal controls. Impaired cognitive ratings of arousal, thus, depend more on the left amygdala than they do on the right amygdala, exactly the converse of our findings for autonomic measures of arousal described above.
We did not find any differences between the groups in their valence ratings, which were all highly correlated with normative ratings. Thus, amygdala damage does not affect the cognitive evaluation of stimulus valence. We also did not find any correlation between any task measures and the time elapsed since neurosurgery. However, we provide some evidence of a correlation between autonomic arousal and volumetric extent of amygdala resection. These findings reinforce the interpretation that the results we report in subjects with unilateral temporal damage are indeed caused, at least in part, by their amygdala damage.
Taken together, our findings suggest that amygdala damage impairs both the physiological response and the cognitive evalu- Figure 7 . Graphs of regression lines relating normative arousal and valence ratings to group arousal and valence ratings. Arousal ratings of normal controls show the closest relationship to normative ratings. Data from unilateral patients still significantly predict normative ratings, but both correlation coefficients are smaller than those in normal controls. Additionally, arousal ratings from right temporal patients relate better to normative ratings than those from left temporal patients who are especially impaired in the high arousal range. Ratings from bilateral temporal patients are most impaired and do not show a significant relationship with normative ratings. The valence ratings of all groups correlate highly significantly with the normative valence ratings, and regression lines, thus, overlap.
ation to an arousing emotional stimulus. The finding is in line with previous reports that the amygdala plays a critical role in regulating autonomic arousal and in cognitive processing of emotionally arousing stimuli. For instance, Adolphs et al. (1999) found impaired recognition of emotional arousal from facial expressions, words, and sentences but intact recognition of emotional valence. Our data further suggests a predominant role of the left amygdala in the ability to detect stimulus arousal.
Caveats
Our study is limited by the relatively small sample sizes of subjects, a limitation dictated by the rarity of patients with such lesions and the time-intensive nature of our task. In addition to future replication with additional lesion patients, functional imaging studies of the amygdala in normal individuals will be important to corroborate the present findings.
Second, the area under the curve in a specific time window is a measure that potentially combines several different response fluctuations, making it vulnerable to nonspecific and spontaneous responses. However, we recorded 96 responses from each subject altogether (24 stimuli in four blocks), making it unlikely that nonspecific fluctuations would produce any systematic effect.
Third, our stimuli covaried in terms of their perceived arousal and novelty, making it possible that SCRs might, in part, reflect orienting responses driven by the novelty of the stimuli rather than emotional responses driven by their arousal. If novelty would have a systematic effect, we should have observed a significant decrease in responsiveness in the course of the experiment because of multiple stimulus exposures. However, our MANOVA analysis of block order yielded neither a significant main effect of block order nor a significant interaction effect (block ϫ group), thus making it unlikely that our results are merely an orienting response to novel stimuli.
Finally, it is important to point out that the history of epilepsy in subjects with unilateral amygdala damage complicates the interpretation of their performances. In particular, there may be dysfunctions in structures extending beyond those resected during surgery. Nonetheless, the fact that we found a positive correlation between amygdala volume and SCRs in LTD subjects, together with the impairments found in subjects with bilateral amygdala damage (who do not have epilepsy), supports the interpretation that the findings we report are attributable, at least in part, to amygdala damage.
An explanatory model
The specific patterns of impairments in the different patient groups suggest different and complementary roles for the left and right amygdala in the processing of emotional stimuli. Whereas the right amygdala seems to provide an overall level of physiological arousal in response to stimuli (Davidson et al., 1992) , the left amygdala provides the better discrimination between different magnitudes of arousal. Our finding for a more prominent role for the left amygdala in processing arousal is consistent with the larger number of imaging studies reporting left rather than right amygdala activation to emotionally arousing stimuli such as facial expressions of fear (Morris et al., 1996; Lane et al., 1997 Lane et al., , 1999 Phillips et al., 1998) .
Our findings support the following model of emotional information processing. There might be an initial, perhaps automatic and relatively undifferentiated emotional, reaction that is mediated by the right amygdala, followed by a more differentiated emotional reaction that discriminates differences in arousal magnitude mediated by the left amygdala. Such a mechanism would be consistent with the findings of Morris et al. (1998) , who reported enhanced activation of the right amygdala after subliminal presentations of emotional facial expression in a conditioning paradigm, whereas the left amygdala showed increased activation when these stimuli were presented supraliminally. Additional support for this model comes from studies investigating habituation in the amygdala (Whalen et al., 1998; Phillips et al., 2001; Wright et al., 2001 ). These studies demonstrate greater habituation in the right amygdala and more sustained activation in the left amygdala, possibly because of more elaborate linguistic processing (but see Breiter et al., 1996; Wright et al., 2003) .
Interestingly, the effects of unilateral and bilateral amygdala damage pertain also to the cognitive evaluation of emotional stimuli. Although the cognitive ratings of stimulus arousal are impaired in bilateral temporal patients (Adolphs et al., 1999) , they are largely preserved in patients with unilateral amygdala damage. Consistently, we found evidence for a graded effect that is just like the converse of the physiological findings: patients with RTD performed better on arousal ratings than patients with LTD. This is consistent with a recent imaging study by Phelps et al. (2001) , who found that left amygdala activation correlated with SCRs to a cognitive representation of fear. However, other lesions studies have found impairments in the recognition of fear after right, rather than left, amygdala damage (Anderson et al., 2000; Adolphs et al., 2001 ). Parts of these conflicting results might be explained by task-specific amygdala activation, as recently explored by Hariri et al. (2002) . The authors suggest that more complex stimuli (such as IAPS pictures) call for more cognitive/ linguistic elaboration and, thus, draw on a left hemisphere network involving the amygdala and cortical language areas. Another explanation might be the nature of the rating task: patients in the studies of Anderson et al. (2000) and Adolphs et al. (2001) were asked to rate the actual emotion in the facial stimulus while we instructed our subjects to focus on arousal and valence on emotional stimuli. Although activated when a cognitive representation of fear elicits SCRs, the left amygdala is evidently not sufficient to mediate such responses in the absence of the right amygdala, pointing to what will likely turn out to be a complex interplay of information processing between the two amygdalae. Future studies that combine functional imaging in patients with unilateral damage may be especially informative in dissecting this architecture.
Our findings may suggest that humans use their internal physiological arousal response, in part to guide their cognitive assessment of these stimuli (Damasio, 1994) . The extensive connections between the amygdala and association neocortices (Amaral et al., 1992 ) might permit such an interplay between emotional autonomic reaction and cognitive evaluation of the stimuli. Our findings suggest that the left amygdala is particularly involved in the representation of emotional arousal of a stimulus, which can then be used to guide cognition and behavior.
